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I n t r o d u c t i o n  
Th i s  t e rmina t ion  r e p o r t  r e f e r s  t o  P r o j e c t  65-02G a s  sponsored 
by t h e  U.S. Department of I n t e r i o r ,  O f f i c e  of Water Resources 
Research,  and by t h e  Water Resources Cen te r ,  Un ive r s i t y  of I l l i n o i s ,  
a s  au tho r i zed  under t h e  Water Resources Research Act of 1964, P u b l i c  
Law 88-379. The p r o j e c t  t i t l e  was "Fur the r  Study of Aquifer  
Performance," and had t h e  o b j e c t i v e  of developing a  gene ra l i zed  
t r ea tmen t  of r e s e r v o i r  eng inee r ing  p r i n c i p l e s  a s  u n d e r l i e ,  d e s c r i b e  
and c o n t r o l  t h e  performance of a q u i f e r s  used f o r  s o u r c e s ,  s t o r a g e  
and condu i t s  of wate r  ( c f .  page 2 1  of t h e  Un ive r s i t y  of I l l i n o i s '  
"Request f o r  an i n i t i a l  a l l o t m e n t  of funds au tho r i zed  by t h e  
Water Resources Research Act of 1964," under d a t e  December 1, 1964) .  
S p e c i a l  I d e n t i f i c a t i o n s  
(1) P r o j e c t  personne l :  -- P r o f e s s o r  Walter  Rose, P r o j e c t  
D i r e c t o r ,  and Research A s s i s t a n t  P r o f e s s o r  H. 0 .  Pfannkuch, P r o j e c t  
Consu l t an t ;  a l s o  Messrs. H. D .  Fa ra ,  John F r i e d ,  George M i e l  and 
B a l b i r  Singh,  Graduate S tudent  p r o j e c t  workers.  
( 2 )  Per iod  and l e v e l  of a c t i v e  suppor t :  -- The above named 
g radua te  s t u d e n t s  worked a s  a  team dur ing  t h e  summer months i n  1965. 
Except f o r  nominal computer c o s t s  and t h e  purchase  of a  s p e c i a l  
,' 
a n a l y t i c a l  ba l ance ,  e s s e n t i a l l y  a l l  p r o j e c t  funds w e r e  s p e n t  a s  
, summer s a l a r i e s  f o r  t h e s e  s t u d e n t s ,  and i n  t h e  suppor t  of t h e  
p r o j e c t  d i r e c t o r  who spen t  s e v e r a l  weeks i n  t h e  o r g a n i z a t i o n  of t h i s  
work. Subsequently t h r e e  g radua te  t h e s e s  programs have developed 
o u t  of  t h i s  p r o j e c t ,  a.s desc r ibed  below. Cont inua t ions  i n  t h e s e  
t h e s e s  programs have subsequent ly  been supported by o t h e r  agenc ie s ,  
no tab ly  t h e  American Petroleum I n s t i t u t e  under Grant-in-Aid 177 
du r ing  1965-66. 
( 3 )  Budget summary: -- Al toge the r  approximately  $6,500 has  
been charged a g a i n s t  P r o j e c t  65-02G ( U S  INT WATER RESOURC) ,  f o r  which 
approximately 0.7 man-years work has  been performed, and o u t  of 
which i n v e n t o r i e d  equipment valued a t  $900 has  been ob ta ined .  
Summary of Work Performed 
Work undertaken du r ing  t h e  above i d e n t i f i e d  pe r iod  of a c t i v e .  
suppor t  a l r e a d y  has  been summarized i n  t h e  F Y  65 Annual Report of 
t h e  Un ive r s i t y  of I l l i n o i s  Water Resources Cente r .  This  work, and 
t h e  r e l a t e d  subsequent work t h a t  has  been cont inued ,  can be l o g i c a l l y  
c l a s s i f i e d  i n t o  t h r e e  c a t e g o r i e s ,  a s  fo l lows:  
(1) Work d e a l i n g  wi th  new approaches based on modern concepts  
of continuum mechanics and nonequi l ibr ium thermodynamics, by which 
f l u i d  t r a n s p o r t ,  d i f f u s i o n ,  d i s p e r s i o n  and h e a t  t r a n s f e r  i n  a q u i f e r  
systems can be analyzed wi thout  f i r s t  assuming t h e  v a l i d i t y  of 
Darcy 's  famous e m p i r i c a l  law. Th i s  work i s  summarized i n  two publ ica-  
t i o n s  ( i n  p r e s s ) ,  namely i n :  "Reservoi r  Engineer ing Reformulated," 
p re sen ted  a t  t h e  25th  Annual Pennsylvania  S t a t e  Un ive r s i t y  Conference 
on Reservoi r  Engineer ing,  by Walter  Rose (October 1966, c f .  
Proceedings ,  i n  p r e s s ) ;  and i n  "Transpor t  Through ~ n t e r s t i t i a l  Pa ths  
of Porous S o l i d s , "  Chapter  5 i n  Flow Through Porous Media, e d i t e d  
by R. J. M. Dewiest (Academic P r e s s ,  1967, i n  p r e s s ) ,  a l s o  by 
W. Rose. 
( 2 )  Work d e a l i n g  wi th  t h e  c h a r a c t e r i z a t i o n  of t h e  microscopic  
d e t a i l s  of pore  geometry of  a q u i f e r  sys tems,  by e x h i b i t i n g  pore  
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c o n n e c t i v i t y  between s e l e c t e d  sample p o i n t s  and by spec i fy ing  t h e  
morphology of t h e  i n t e r s t i t i a l  s u r f a c e s  around smal l  neighborhoods 
of t h e s e  s e l e c t e d  sample p o i n t s ,  This  work which i s  mathematical  
i n  n a t u r e  (based on c e r t a i n  t o p o l o g i c a l  graph theorems and d i f f e r e n -  
t i a l  geometry) i s  summarized i n  t h e  Ph.D. t h e s i s  of H .  D .  Fara  
t i t l e d  "On t h e  Geometry of Porous Media" (February 1967, Un ive r s i t y  
of I l l i n o i s ,  W ,  Rose, Adv i so r ) .  
( 3 )  Work dea l ing  wi th  t h e  development of f i n i t e  d i f f e r e n c e  
a lgor i thms  t o  model i n  three-dimensional  space t h e  unsteady- 
s t a t e s  of motion of water  t h a t  i s  i n  p a r t  o r  i n  whole bounded by 
so -ca l l ed  f r e e  s u r f a c e  boundar ies ,  a s  r e l a t i n g  t o  problems such a s  
t h e  shape of f a l l i n g  r a i n  d rops ,  wave motion, a c t i o n  of wate r  i n  
hyd-raul ic  s t r u c t u r e s  and open channe ls ,  a s  w e l l  a s  t o  s o i l  
i n f i l t r a t i o n  problems, a q u i f e r  performance, and i n d i v i d u a l  w e l l  
problems. The Ph.D, t h e s i s  of B a l b i r  Singh nea r ing  completion 
(scheduled f o r  p u b l i c a t i o n  i n  s p r i n g  1967 under t h e  t i t l e  
"Numerical Study of Time-dependent Free  Sur face  Flows") w i l l  pro- 
v ide  t h e  d e t a i l e d  summary s t a t emen t  of t h i s  work. 
The i n t e g r a t i n g  f a c t o r  which makes each of t h e  above descr ibed  
s e p a r a t e  a c t i v i t i e s  simply an a s p e c t  of  one g e n e r a l  problem i s  
e a s i l y  seen .  En t h e  f i r s t  p l a c e ,  t h e  t r a n s p o r t  problems, of 
i n t e r e s t  i n  connect ion wi th  a q u i f e r  performance,  c l e a r l y  have t o  
be formulated be fo re  t hey  can be solved.  And a s  shown above, such 
formula t ions  o f t e n  l ead  t o  high-order ,  non l inea r  p a r t i a l  d i f f e r e n -  
t i a l  e q u a t i o n s ,  t h e  l o g i c a l  s p e c i f i c a t i o n  of  which has  c o n s t i t u t e d  
one ca tegory  of p r o j e c t  a c t i v i t y .  To so lve  t h e s e  equa t ions ,  
however, boundary c o n d i t i o n s  a l s o  have t o  be s p e c i f i e d ,  r e s u l t i n g  
i n  t h e  p r o j e c t  work d e a l i n g  wi th  t h e  d e l i n e a t i o n  of pore  geometry 
a s  t h e  second ca tegory  r epo r t ed  he re .  F i n a l l y ,  t h e  t h i r d  ca tegory  
of t h e  p r o j e c t  work then  has  been d i r e c t e d  t o  t h e  development of 
s p e c i a l  numerical  methods u s e f u l  f o r  g e n e r a t i n g  s o l u t i o n s  t o  t h e  
equa t ions  of  t r a n s p o r t ,  and f o r  o b t a i n i n g  i n t e g r a l s  r e p r e s e n t a t i v e  
of p a r t i c u l a r  problem s i t u a t i o n s .  
Sumrnarv of  F ind inas  
With r e s p e c t  t o  t h e  t h r e e  c a t e g o r i e s  of work performed a s  
desc r ibed  above, t h e  fo l lowing  s p e c i f i c  f i n d i n g s  can be i d e n t i -  
f  i e d  : 
(1% I t  has  been shown t h a t  Darcy 's  law of l i n e a r i t y  between 
f l u x  and mechanical  energy g r a d i e n t  d r i v i n g  f o r c e  i s  on ly  des- 
c r i p t i v e  of groundwater f low under t h e  l i m i t i n g  cond i t i ons  of t h e  
s t e a d y - s t a t e s  of motion of incompress ible  f l u i d  occupying t h e  
e n t i r e  pore  space of  homogeneous porous media. Unsteady-s ta tes  of 
t h e  motion of compress ible  f l u i d s  on ly  p a r t i a l l y  f i l l i n g  t h e  pore  
space of a n i s o t r o p i c  media r e q u i r e  a  more g e n e r a l  d e s c r i p t i o n .  
This  i s  provided by making r e f e rence  t o  c e r t a i n  b a s i c  p o s t u l a t e s  
of nonequi l ibr ium thermodynamics, and the reby  a  g e n e r a l  approach 
.r has  been developed which ho lds  n o t  on ly  f o r  t h e  d e s c r i p t i o n  of 
f l u i d  flow of  homogeneous f l u i d s ,  b u t  a l s o  f o r  t h e  important  coupled 
F 
processes  where d i f f u s i o n  and h e a t  t r a n s f e r  's imultaneously a r e  
occu r r ing .  The b a s i c  work of Bachmut and Bear ( " A  u n i f i e d  t r e a t -  
ment of  t r a n s p o r t  phenomena i n  porous media,"  TECHNION,  Research 
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P r o j e c t  CV-54, Report 3 ,  J u l y  1965, Hai fa )  may be taken a s  t h e  
primary r e f e r e n c e  f o r  t h i s  work. 
( 2 )  I t  has  been shown t h a t  porous s o l i d s  can be s u i t a b l y  
modeled wi th  r e s p e c t  t o  t h e  d e t a i l e d  geometr ic  c h a r a c t e r i s t i c s  of 
t h e  pore  space ,  which in format ion  then  can be used a s  t h e  needed 
boundary cond i t i on  f o r  a s y n t h e s i s  of a d e s c r i p t i o n  of  t r a n s p o r t  
p roces ses  by t h e  theory  desc r ibed  above, and by t h e  mathematical  
methods i d e n t i f i e d  below. The e a r l y  work of  G r i f f i t h s  ("Grain- 
s i z e  d i s t r i b u t i o n  and reservo i r - rock  c h a r a c t e r i s t i c s "  Bu l l .  AAPG, . 
v. 36, p. 205, 1952) r e p r e s e n t s  t h a t  b a s i c  r e f e r e n c e  sugges t ing  
t h e s e  p o s s i b i l i t i e s .  
( 3 )  I t  has  been shown t h a t  water  motion wi th  f r ee - su r f ace  
boundary c o n d i t i o n s ,  a s  governed by t h e  Navier-Stokes equa t ions  i n  
t h e  microscopic  sense  and by t h e  Four i e r  d i f f u s i v i t y  equa t ion  i n  t h e  
macroscopic s ense ,  can be s u i t a b l y  modeled by f i n i t e  d i f f e r e n c e  
computing schemes. Represen ta t ive  problems r e q u i r e  about  one hour 
of computing t i m e  ( I B M  7094 system) a s  responding t o  an i n p u t  
l i s t i n g  of f n  excess  of 1 0 0 0  i n s t r u c t i o n s ,  b u t  i n  t h e  con t inu ing  
work t h e s e  heavy requirements  l i k e l y  w i l l  be l essened .  I n  any 
c a s e ,  t h e  p r o j e c t  workers have v e r i f i e d  t h e  importance of making 
use  of  a t r u e  balance of normal and t a n g e n t i a l  s t r e s s e s  a c r o s s  t h e  
f r e e  s u r f a c e  boundary, i n s t e a d  of t h e  approximate r e p r e s e n t a t i o n s  
a s  desc r ibed  i n  t h e  b a s i c  r e f e rence  on t h i s  s u b j e c t ,  namely 
Welsh -- e t  a l . ("The MAC Method. A computing technique f o r  s o l v i n g  
v i s c o u s ,  incompress ib le ,  t r a n s i e n t  f lu id- f low problems invo lv ing  
f r e e  s u r f a c e s , "  Low Alamos S c i e n t i f i c  Laboratory Report LA-3425, 
da t ed  March 2 1 ,  1966) . 
Recommendations for Continuina Work 
The work of this project has exposed the need for certain con- 
tinuing research dealing with the following questions: 
(1) How exactly are the transport coefficients as obtained 
from the general nonequilibrium thermodynamics theory of flow, 
diffusion and heat transfer, to be obtained by experimental 
methods? 
(2) How can the abstract modeling of porous media geometry 
be applied in particular cases of real systems? 
(3) How can the computing techniques be simplified so that 
the generalized equations of transport phenomena can be studied 
with a minimized usage of computer time and labor? 
These questions currently are being considered in the con- 
tinuing work at Illinois. 
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